Abstract
INTRODUCTION 35
Lutein is a natural colorant found in a variety of biological materials, such as yellow 36 corn, egg yolk and marigold flowers. Lutein belongs to the xanthophyll class of carotenoids, 37 which are oxygenated carotenes (Sajilata, Singhal, & Kamat, 2008) . As with other xanthophylls 38 lutein has an intense yellow color when present at low concentrations but a reddish color when 39 present at high concentrations. Its characteristic color is due to selective absorption of 40 electromagnetic radiation in the visible region by conjugated double bonds in its backbone 41 (Sajilata, et al., 2008) . Lutein is known to accumulate in the pigmented region of the human eye, 42 which is called the macula. The accumulation of lutein in the macula has been associated with a 43 decrease in the risk of age-related macular degeneration and cataracts (Abdel-Aal el, Akhtar, The conjugation efficiency was determined by measuring the reduction in free amino 133 groups using the OPA assay (Pan et al., 2006) . The OPA reagent was prepared according to Pan, 134 et al. (2006) . In short, 40 mg OPA (dissolved in 1.0 mL 95% ethanol), 25 mL 0.100 M sodium 135 tetraborate buffer (pH 9.5), 2.5 mL 20% SDS solution, and 0.10 mL 2-mercaptoethanol were 136 mixed together and brought to a final volume of 50 mL. The OPA reagent was prepared freshly 137 before use. After dispersing the conjugates, 0.10 mL of the dispersion was mixed with 2.70 mL 138 of OPA reagent and incubated for 1 minute at room temperature, the absorbance at 340 nm was 139 measured immediately using an UV-visible spectrophotometer Ultrospec 3000 pro (Biochrom 140
Ltd., Cambridge, England). A calibration curve was constructed using L-leucine (0,2-5 mM) as a 141 standard amino group-containing compound (Markman, et al., 2012; Pan, et al., 2006) . The 142 conjugation efficiency was defined as follows: 143 (%) = (1 − ( ) ( ) ) 100
Conjugation yield 144
The quantification of the non-complexed protein remaining in the system was assessed 145 8 based on the methodology described by Markman, et al. (2012) . The samples were dissolved in 146 double distilled water at concentrations of 10 mg/mL, and subsequently acidified to pH 4.6 with 147
HCl. The sample suspensions were centrifuged at 1000 g for 10 minutes and then filtrated 148 through P5 filter paper (Fisher Scientific, Pittsburgh, PA). The pH of the supernatant was 149 readjusted to 7.0 with NaOH. The protein content of the suspension (after pH adjustment and 150 before centrifugation) and supernatant was measured using an UV-visible spectrophotometer 151 (Ultrospec 3000 pro, Biochrom Ltd., Cambridge, England) at 278 nm. The amount of protein 152 was subsequently calculated using a calibration curve prepared using sodium caseinate 153 concentrations ranging from 0.2 to 1.0 mg/mL. The conjugation yield was defined as follows: 154
Antioxidant activity measurement

155
The antioxidant activity of protein and Maillard conjugate solutions were calculated 156 using an ABTS assay (Re, et al., 1999) . For this assay, 7 mM ABTS and 2.45 mM potassium 157 persulfate were allowed to overnight at room temperature in the absence of light to produce the 158 ABTS radical. The ABTS radical solution was then diluted in ethanol to give an absorbance of 159 0.7 cm -1 at 734 nm. 10 µL aliquots of samples to be analyzed were mixed with 1 mL of the 160 diluted radical solution and absorbances were read at 734 nm after 1 minute. The percent 161 reduction in absorbance at 734 nm and the antioxidant capacities were calculated using a trolox 162 standard curve and the results are reported as Trolox equivalents (TE) 163
Emulsion formation
164
An organic phase was prepared by diluting the lutein in corn oil to a final concentration 165 of 2.5% lutein (w/w). An aqueous phase was prepared by dispersing 1% (w/w) powdered 166 sodium caseinate or 1% (w/w) caseinate-dextran complexes based on the protein weight of the 167
Maillard conjugates into aqueous buffer solution (5 mM phosphate, pH 7.0). A coarse oil-in-168 water emulsion was prepared by mixing the organic phase (10% w/w) and the aqueous phase 169 (90% w/w) using a high-speed mixer M133/1281-0 (Biospec Products, Inc. Bartlesville, OK, 170 USA) for 2 min at 10,000 rpm. The resulting coarse emulsion was then passed through a high-171 pressure microfluidizer for three passes at 20,000 psi (Purenano, Microfluidics, Newton, MA). 172
The fine emulsion produced was then diluted (1:1) with buffer solution containing an 173 antimicrobial agent (5 mM phosphate buffer, pH 7.0, 0.04% (w/v) sodium azide). The final 174 emulsion therefore contained 5% (w/w) oil phase and 250 mg/L lutein. 175 
Stability study
Chemical stability 182
The chemical stability of lutein was assessed by measuring the change in color in the 183 emulsions during storage. The color was monitored using a colorimeter (ColorFlex EZ, 184
HunterLab Reston, VA, USA). For the color analysis, 10 mL of emulsion was pipetted onto a 185 plastic petri dish and the readings were performed against a black background. 186
Physical stability 187
The physical stability of the emulsions was assessed by measuring changes in particle 188 size and charge after 7 days of storage. The mean droplet diameters, particle size distributions, 189 and ζ-potentials were measured using a dynamic light scattering/micro-electrophoresis 190 instrument (Zetasizer Nano ZS, Malvern Instruments, Malvern, England) and a laser diffraction 
Small intestinal phase 210
An instrumental automatic titration (pH-stat) device (835 Titrando, Metrohm USA Inc., 211 Riverview, FL) was used to simulate the conditions in the small intestinal phase of the 212 gastrointestinal tract. An aliquot of 30 mL of the gastric chyme was placed in a water bath at 213 37 °C and the pH was set to 7.0 using NaOH solution. Then, 1.5 mL of calcium chloride 214 (37 mg/mL) and sodium chloride (219 mg/mL) and 3.5 mL of bile extract (53.5 mg/mL) 215 dissolved in 5 mM phosphate buffer solutions were added to the sample and the pH was re-216 adjusted to 7.0. Afterwards, 2.5 mL of freshly prepared lipase suspension (24 mg/mL) dissolved 217 in 5 mM phosphate buffer was incorporated into the mixture. The pH of the mixture was 218 monitored and the volume of 0.1 M NaOH (mL) necessary to neutralize the free fatty acids 219 (FFA) released from the lipid digestion (i.e., to keep pH at 7.0) was recorded during 2 h. The 220 amount of free fatty acids released was calculated using the following equation: 221
Where, V NaOH is the volume of titrant in liters, m NaOH is the molarity of the sodium hydroxide, 222 m lipid is the molecular weight of corn oil (872 g/mol), w lipid is the weight of oil in the digestion 223 system in grams. 224
Bioaccessibility
225
The bioaccessibility of lutein was evaluated after the samples had passed through the 226 simulated small intestine phase of the gastrointestinal model. Aliquots of 10 mL of the samples 227 were centrifuged (4000 rpm for 40 min at room temperature) using a bench top centrifuge 228 After 48 hours, we monitored the extent of conjugation using the OPA test, which measures the 250 unreacted amino groups of the protein, and the conjugation efficiency was found to be 23. protein that did not precipitate at pH 4.6 (isoelectric point of casein). This percentage is referred 257 as the conjugation yield. For this study the conjugation yield was determined to be 93.7 ± 3.2%, 258 which verifies that the majority of the caseinate was conjugated to dextran molecules. Formation 259 of Maillard conjugates was also verified using SDS-PAGE (data not shown). 260 The physical stability of the emulsions was determined by measuring their particle size, 279 particle charge, and overall appearance at the end of the storage period. The emulsions stabilized 280 by caseinate alone underwent extensive droplet aggregation at pH 3, 4 and 5, as seen by a large 281 increase in particle size (Figure 1a ) and visible phase separation (Figure 1c ). This effect can be 282 attributed to a reduction in the magnitude of the electrical charge on the caseinate-coated oil 283 droplets around their isoelectric point (Figure 1b) , which reduces the electrostatic repulsion 284 between them (McClements, et al., 2011). Presumably, the casein layer around the droplets was 285 not sufficiently thick to prevent aggregation through steric repulsion (Dickinson, 1999 (Dickinson, , 2010 . 286
Emulsion formation
Probably, the emulsions exhibited droplet aggregation at pH 3 (Figure 1a) , despite the fact that 287 the droplets had a relatively high positive charge at this pH (Figure 1b) , because they were 288 initially prepared at neutral pH and then adjusted to the final acidic pH. Consequently, they had 289 to pass through the isoelectric point, which may have resulted in some irreversible droplet 290 flocculation. The change in ζ-potential with pH for this system was typical of that observed for 291 protein-coated droplets, changing from highly negative at pH values well above the isoelectric 292 point to highly positive at pH values well below the isoelectric point. The point of zero charge 293 (between pH 4 and 5) for the protein-coated emulsions was consistent with the published 294 isoelectric point of caseins (around pH 4.6). 295
The emulsions containing droplets coated with caseinate-dextran conjugates were stable 296 to droplet aggregation across the entire pH range studied, with no evidence of an increase in 297 particle size or visible phase separation (Figures 1a and 1c) . The high stability of these systems 298 can be attributed to the ability of the hydrophilic dextran molecules to generate a steric repulsion 299 15 that is strong enough to overcome any attractive interactions (such as van der Waals) between 300 the droplets (Jiménez-Castaño, Villamiel, & López-Fandiño, 2007). The ζ-potential versus pH 301 profile of the emulsions containing conjugated caseinate followed a similar general trend to those 302 containing non-conjugated caseinate, i.e., the droplet charge went from negative at high pH to 303 positive at low pH, with a point of zero charge between pH 4 and 5 (Figure 1b) . However, the 304 magnitude of the ζ-potential values was appreciably lower for the caseinate-dextran coated 305 droplets than the caseinate-coated droplets at the same pH. This effect can be attributed to the 306 influence of the dextran molecules on the distance from the droplet surfaces where the effective 307 electrical properties are measured, i.e., the shear plane (Lesmes, et al., 2012) . In the presence of 308 dextran, the electrical properties are measured at a distance that is further from the droplet 309 surfaces, and so there has been a greater decay in the electrical potential. These results show that 310 conjugation of caseinate with dextran leads to an appreciable increase in the pH-stability of 311
emulsions. 312
Lipid oxidation reactions produce reactive species that can further interact with other 313 oxidizable compounds, such as the lutein in our samples. The interfacial characteristics of the 314 emulsion will affect the susceptibility of lutein to degradation. Proteins located at the oil-water 315 interface can inhibit oxidation at pH levels below their isoelectric points due to electrostatic 316 repulsion of transition metals since they are both positively charged ( Figure 2c) ; however, color fading did appear to occur somewhat more 340 rapidly for the emulsions stabilized by the caseinate-dextran complexes at pH 3, but more slowly 341 for the same systems from pH 6 to 8. 342
Overall, these results indicate that it may be better to store lutein-enriched emulsions 343 under neutral conditions to inhibit color fading, and that these systems may be susceptible to 344 some degradation under the highly acidic conditions of the stomach fluids. 345
Influence of temperature on emulsion stability
346
Food and beverage products are often exposed to a range of temperatures during their 347 production, storage, transport, and utilization, and therefore it is useful to examine the influence 348 of temperature on the physical and chemical stability of the lutein delivery systems. Emulsion 349 thermal-stability was established by storing them at different temperatures (5 to 70 °C) for 7 days 350 at pH 7, and then the particle size, particle charge, and emulsion appearance were measured. 351 A significant increase in droplet diameters was only observed at 70°C when the 352 emulsions were stabilized with protein alone. However, significant differences in droplet size 353 were observed at storage temperatures 37, 50 and 70°C when the conjugates were used to 354 stabilize the emulsions (p<0.05) (Figure 3a) . The digestion model utilized for these samples do not include a mouth phase since the liquids do 398 not spend long enough time in mouth to cause a significant change. Also, it is not necessary for 399 liquid foods that does not contain a significant amount of starch (Minekus, et al., 2014 ). Figure 5  400 shows the changes in ζ-potential, particle size distribution and average particle diameter of the 401 emulsions along the in vitro digestion model. The ζ-potential of the emulsions at pH 7 prior 402 starting the digestion model was -38.73 ± 0.76 mV for the emulsions with non-conjugated 403 emulsifier. The ζ-potential of the emulsions stabilized by Maillard conjugates was significantly 404 lower (p<0.05) with a value of -7.75 ± 0.67 mV. Both samples presented a negative charge 405 because the pH of the emulsion was higher than the isoelectric point (pI) of sodium caseinate. 406
The lower charge of the droplets in the emulsions stabilized by the Maillard conjugates has been 407 explained earlier in the emulsion formation and stability section. In the stomach phase the pH 408 drops to 2.5 and this affects the electric charge of the droplets which became positively charged 409 9.15 ± 1.38 mV and 2.52 ± 1.09 mV for samples with non-conjugated and conjugated sodium 410 caseinate, respectively. Positive charge is expected since the pH is lower than the pI. Another 411 reason for the lower charge in the stomach phase can be that the pepsin present in the gastric 412 
